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Gene promoters perceive numerous signals and integrate this information into a single response, the transcriptional 
activity of a gene. It was speculated that covalent modification of histones on the promoters might have an important 
function in storage and integration of signals. Using the genes for the core proteins of C4 metabolism in maize as a 
model, we associated the perception of specific signals with the establishment of individual histone modifications. Core 
elements of the histone code defined in these studies are conserved on all C4 genes and on other maize genes that 
respond to similar stimuli. Moreover, the code is used in independent C4 lineages. However, our data also advise caution 
because interpretation of histone modifications might differ dependent on the promoter position of the modification. 
The model provided here constitutes a starting point for genome-wide decoding of stimulus-modification pairs in epi- 
genetic gene regulation. 



In behavioral sciences, information integration theory describes 
the valuation and integration of information derived from dif- 
ferent sources or signals into a response. 1 On a molecular level, 
information integration is a major function of gene promoters 
that translate numerous developmental or environmental inputs 
into a single output, the transcriptional rate. Eukaryotic genes 
are packed into chromatin. Research from the last two decades 
established chromatin as a key player in gene regulation. 2 The 
basic repeat unit of chromatin is the nucleosome that is made 
up of each two copies of the histone proteins H2A, H2B, H3 
and H4 plus approximately 147 bp of DNA wound around this 
body. 3 Multiple amino acid residues on histone proteins can be 
modified in numerous ways with acetylation and methylation of 
the N-terminal domains of histones H3 and H4 being the best 
studied modifications. 4,5 Two different models for the function 
of histone modifications in gene regulation were proposed in the 
past (Fig. 1A): First, some histone modifications can lead to neu- 
tralization of positively charged histone tails, thereby weakening 
the interaction with the negatively charged DNA. This might 
allow better access for RNA polymerases and other transcrip- 
tion factors (charge neutralization model). 6,7 This model would 
imply that information integration takes place before chromatin 
is modified and that chromatin modifications would just be used 
to control the response function of the integrator. Alternatively, 
specific histone modifications are themselves recognized by tran- 
scription factors (histone code model). In this model, histone 



modifications would be controlled by defined signals and used 
to store and integrate information on promoters. Thus, histone 
modification would act on the level of the integration function. 

The C4 carbon concentrating mechanism in maize is an excel- 
lent system to study signal integration on chromatin, because the 
corresponding genes are highly transcribed and regulated in a 
similar manner by many different developmental and external 
signals. Major developmental stimuli include organ specificity 
(i.e., genes are only transcribed in leaves, but not in roots) and 
tissue specificity (i.e., within a leaf, most C4 genes are either 
transcribed in mesophyll cells or bundle sheath cells, but not in 
both tissues). Most important responses to external signals are 
a strong induction by light and a downregulation at low nitro- 
gen availability or high leaf sugar levels. 10,11 In addition to the 
high degree of regulation of promoter activity, initial studies 
revealed that epigenetic factors are involved in the regulation of 
C4 genes. 12,13 It was shown that de-methylation of four specific 
cytosines in the upstream promoter region of the C4 gene encod- 
ing phosphoenolpyruvate carboxylase {CA-Pepc) occurred in a 
light- and tissue-specific manner. Using the same promoter as a 
model, we identified histone modifications associated with gene 
regulation (Fig. IB). Among others, these analyses revealed that 
core promoter histone modifications were controlled by specific 
stimuli, e.g., acetylation of lysine 9 on histone H3 (H3K9ac) and 
H4K5ac were exclusively controlled by light, 14 whereas trimeth- 
ylation of H3K4 (H3K4me3) potentiated the gene for activation 
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Figure 1. Histone modification models and phylogeny of the Poaceae. (A) 
Two different models for the function of histone modifications in signal inte- 
gration. Charge neutralization model (left), histone code model (right). (B) 
Schematic model of the function of histone modifications in CA-Pepc gene 
regulation. Numbers represent lysine residues on the N-terminal tails of his- 
tories H3 and H4. The color represents as listed in the figure. Core promoter 
modifications follow the histone code model, upstream promoter modifica- 
tions follow the charge neutralization model. (C) The cladogram illustrates 
the phylogenetic relationship of representative C4 and C3 species among 
the Poaceae. The PACMAD clade contains both C4 (gray branches) and C3 
species (black branches), whereas the BEP clade contains only C3 species. 
The most recent possible phylogenetic origins of light-induced histone 
acetylation (yellow dot) and tissue-specific histone methylation (green dot) 
are indicated. 



in mesophyll cells. 15 Such stimulus-modification pairs were com- 
patible with a histone code model and argued for a function of 
histone modifications in signal integration. However, in more 
upstream promoter regions, histone modifications responded to 



all tested stimuli, including nitrogen availability and metabo- 
lite repression, in a similar and dose-dependent manner sug- 
gesting that histone modifications were only used to control 
the response function of the promoter as predicted in the 
charge neutralization model. 14 

We now analyzed whether other C4 genes in maize use 
the same histone code. 16 Key features of the code such as 
light-dependent histone acetylation and tissue-specific histone 
methylation were highly reproducible on all genes encoding 
enzymes of the C4 core cycle. 16 Here, we add data for the 
core promoters of four additional maize genes (Fig. 2). Glkl 
encodes a kinase with possible function in mesophyll chloro- 
plast development, 17 whereas Q>24, Q>26 and Cp29 encode 
elements of the light harvesting complex II. 18 All these genes 
are preferentially transcribed in mesophyll cells of illuminated 
maize leaves (data not shown and ref. 19). Accordingly, we 
found high H3K9ac only in illuminated leaves, but not in 
leaves from plants exposed to prolonged darkness. H3K4me3 
levels were increased in mesophyll compared with bundle 
sheath cells, even when leaves were never illuminated. These 
additional results substantiate our hypothesis that a universal 
code is used for the control of promoters by light and tissue- 
specific signals in maize. 

The question remains to which extent this histone code 
has been established during evolution of C4 metabolism or 
whether a previously existing code has been recruited into C4. 
Due to its recent evolutionary origin (approximately 25 mil- 
lion years), the C4 syndrome is an outstanding example for 
parallel evolution with more than 60 independent origins in 
different plant lineages. 20 Recent analyses of DNA sequence 
elements responsible for C4-specific gene expression indicated 
that these elements were active in different C4 lineages 21 and 
already found in the C3 orthologs of some of these genes. 22,23 
We therefore compared chromatin patterns on C4-Pepc and 
a second C4 gene, C4-malic enzyme (C4-Me) in maize, sor- 
ghum and Setaria italica} 6 Whereas maize and sorghum share 
the same C4 origin, C4 photosynthesis in S. italica evolved 
independently (Fig. 1C, altered after refs. 24 and 25). All 
three species belong to the PACMAD clade of the Poaceae 
family that contains both C3 and C4 plants whereas the sister 
BEP clade exclusively contains C3 plants. 26 The comparative 
chromatin analyses again revealed light induction of H3K9ac, 
but tissue-specific control of H3K4me3 in all three species. 16 
Thus, the two core features of the maize C4 histone code were 
retrievable in independent C4 lineages. These results indicate 
that elements of the histone code had been recruited into C4 
from a preexisting mechanism. The most recent possible phy- 
logenetic origin of this mechanism was after separation of the 
PACMAD and BEP clades (yellow and green dots in Fig. 1C). 
Further comparative analyses will show whether the origin 
can be dated back to even earlier time points. 
In conclusion, data from previous work and the chromatin 
analyses on additional genes added here point to an important 
role of histone modifications in the integration function of plant 
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Figure 2. Light regulation of histone acetylation and cell-type specific histone methylation on four maize genes. (A) Light-dependent acetylation of histone 
H3 lysine 9 (H3K9ac) in leaves from plants that were exposed to 72 h darkness (72D, gray columns) and from plants that were illuminated for 4 h (4L, black 
columns). Values are presented as the relative enrichment (RE) of modifications per nucleosome over modifications per nucleosome found on the Acting 
promoter. (B) Ratio of the histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 4 dimethylation (H3K4me2) in mesophyll (M) or bundle sheath 
(B) cells isolated form etiolated leaves. Cp24, Cp26 and Cp29 encode components of light harvesting complex II, GWcl a kinase involved in mesophyll chloro- 
plast development. All data points are based on at least four independent experiments. Vertical lines indicate standard errors. 



promoters. The histone code used to display the perception of 
specific stimuli seems to be highly conserved. Dependent on the 
modification and the position on the promoter, histone modifica- 
tions might in addition help to implement the response function 
of promoters. 



Disclosure of Potential Conflicts of Interest 
No potential conflicts of interest were disclosed. 

Acknowledgments 

This work was supported by grant PE819/1-3 from the 
Deutsche Forschungsgemeinschaft to CP. 



References 

Anderson NH. Integration theory and attitude 
change. Psychol Rev 1971; 78:171-206; http://dx.doi. 
org/10.1037/h0030834 

Li B, Carey M, Workman JL. The role of chroma- 
tin during transcription. Cell 2007; 128:707-19; 
PMID:17320508; http://dx.doi.Org/10.1016/j. 
cell.2007.01.015 

Kouzarides T. Chromatin modifications and theif 
function. Cell 2007; 128:693-705; PMID:17320507; 
http://dx.doi.org/10.1016/jxell.2007.02.005 
Chen ZJ, Tian L. Roles of dynamic and reversible 
histone acetylation in plant development and poly- 
ploidy. Biochim Biophys Acta 2007; 1769:295-307; 
PMID:17556080 

Luo M, Liu X, Singh P, Cui Y, Zimmerli L, Wu K. 
Chromatin modifications and remodeling in plant 
abiotic stress responses. Biochim Biophys Acta 2012; 
1819:129-36; PMID:21708299 

Dion MF, Altschuler SJ, Wu LF, Rando OJ. Genomic 
characterization reveals a simple histone H4 acetyla- 
tion code. Ptoc Natl Acad Sci USA 2005; 102:5501- 
6; PMID:15795371; http://dx.doi.org/10.1073/ 
pnas.0500136102 

Henikoff S, Shilatifard A. Histone modifica- 
tion: cause or cog? Trends Genet 2011; 27:389-96; 
PMID:21764166; http://dx.doi.Org/10.1016/j.tig. 
2011.06.006 

Berger SL. The complex language of chromatin regu- 
lation during transcription. Nature 2007; 447:407- 
12; PMID:17522673; http://dx.doi.org/10.1038/ 
nature05915 

Jenuwein T, Allis CD. Translating the histone code. 
Science 2001; 293:1074-80; PMID:11498575; 
http://dx.doi.org/10.1126/science.1063127 



10. Hibberd JM, Covshoff S. The regulation of gene 
expression required for C4 photosynthesis. Annu Rev 
PlantBiol2010;61:181-207;PMID:20192753;http:// 
dx.doi.org/10.1146/annurev-arplant-042809-112238 

11. Sheen J. C4 gene expression. Annu Rev Plant Physiol 
Plant Mol Biol 1999; 50:187-217; PMID:15012208; 
http://dx.doi.Org/10.ll46/annurev.arplanr.50.l.187 

12. Langdale JA, Taylor WC, Nelson T. Cell-specific 
accumulation of maize phosphoenolpyruvate carbox- 
ylase is correlated with demethylation at a specific 
site greatet than 3 kb upstream of the gene. Mol Gen 
Genet 1991; 225:49-55; PMID:2000091; http:// 
dx.doi.org/10.1007/BF0028264l 

13. Tolley BJ, Woodfield H, Wanchana S, Bruskiewich 
R, Hibberd JM. Lighr-regulared and cell-specific 
methylation of the maize PEPC promoter. J Exp Bot 
2012; 63:1381-90; PMID:22143916; http://dx.doi. 
org/10.1093/jxb/err367 

14. Offermann S, Dreesen B, Horst I, Danker T, 
Jaskiewicz M, Petethansel C. Developmental and 
environmental signals induce distinct histone acety- 
lation profiles on distal and proximal promotet ele- 
ments of the C4-Pepc gene in maize. Genetics 2008; 
179:1891-901; PMID:18689888; http://dx.doi. 
org/10.1534/genetics.l08. 087411 

15. Danker T, Dreesen B, Offermann S, Horst I, 
Peterhansel C. Developmental information but not 
promoter activity controls the methylation state of 
histone H3 lysine 4 on two photosynthetic genes in 
maize. Plant J 2008; 53:465-74; PMID:18179650; 
http://dx.doi.Org/10.llll/j.1365-313X.2007.03352.x 



16. Heimann L, Horst I, Perduns R, Dreesen B, 
Offermann S, Peterhansel C. A common histone 
modification code on C4 genes in maize and Its con- 
servation in sorghum and Setaria italica. Plant Physiol 
2013; 162:456-69; PMID:23564230; http://dx.doi. 
org/10. 1104/pp.ll3.216721 

17. Wang P, Fouracre J, Kelly S, Karki S, Gowik U, Aubry 
S, et al. Evolution of GOLDEN2-LIKE gene func- 
tion in C(3) and C (4) plants. Planta 2013; 237:481- 
95; PMID:22968911; http://dx.doi.org/10.1007/ 
s00425-012-1754-3 

18. Kovacs L, Damkjaer J, Kereiche S, Ilioaia C, Ruban 
AV, Boekema EJ, et al. Lack of the light-harvesting 
complex CP24 affects the sttucture and function of 
the grana membranes of higher plant chlotoplasts. 
Plant Cell 2006; 18:3106-20; PMID:17114352; 
http://dx.doi.org/10.1105/tpc.106.045641 

19. Sawets RJ, Liu P, Anufrikova K, Hwang JT, Brutnell 
TP. A multi-treatment experimental system to exam- 
ine photosynthetic differentiation in the maize leaf. 
BMC Genomics 2007; 8:12; PMID:17212830; 
http://dx.doi.org/10.1186/l471-2164-8-12 

20. Sage RF, Sage TL, Kocacinar F. Photorespiration 
and the evolution of C4 photosynthesis. Annu Rev 
Plant Biol 2012; 63:19-47; PMID:22404472; http:// 
dx.doi.org/10.ll46/annurev-arplant-042811-105511 

21. Brown NJ, Newell CA, Stanley S, Chen JE, Perrin AJ, 
Kajala K, et al. Independent and parallel recruitment 
of preexisting mechanisms undetlying C 4 photosyn- 
thesis. Science 2011; 331:1436-9; PMID:21415351; 
http://dx.doi.org/10.1126/science.1201248 



www.landesbioscience.com 



Plant Signaling & Behavior 



e25389-3 



22. Brown NJ, Palmer BG, Stanley S, Hajaji H, Janacek 
SH, Astley HM, et al. C acid decarboxylases required 
for C phorosynthesis are active in the mid-vein of 
the C species Arabidopsis rhaliana, and are impor- 
tant in sugar and amino acid metabolism. Plant J 
2010; 61:122-33; PMID:19807880; http://dx.doi. 
org/10.1111/j.l365-313X.2009.04040.x 

23. Kajala K, Brown NJ, Williams BP, Borrill P, Taylor 
LE, Hibberd JM. Multiple Arabidopsis genes primed 
for recruitment into photosynthesis. Plant J 
2012; 69:47-56; PMID:21883556; http://dx.doi. 
org/10.1111/j.l365-313X.2011.04769.x 



24. Brutnell TP, Wang L, Swartwood K, Goldschmidt 
A, Jackson D, Zhu XG, et al. Setaria viridis: a model 
for C4 photosynthesis. Plant Cell 2010; 22:2537- 
44; PMID:20693355; http://dx.doi.org/10.1105/ 
tpc.110.075309 

25. Ibrahim DG, Burke T, Ripley BS, Osborne CP. 
A molecular phylogeny of the genus Alloteropsis 
(Panicoideae, Poaceae) suggests an evolutionary 
reversion from C4 to C3 photosynthesis. Ann Bot 
2008; 103:127-36; PMID:18974099; http://dx.doi. 
org/10.1093/aob/mcn204 



26. Buell CR. Poaceae genomes: going from unat- 
tainable to becoming a model clade for com- 
parative plant genomics. Plant Physiol 2009; 
149:111-6; PMID:19005087; http://dx.doi. 
org/10.1104/pp.l08. 128926 



e25389-4 



Plant Signaling & Behavior 



Volume 8 Issue 9 



